Introduction
The U.S. Geological Survey (USGS) in 2008 completed an appraisal of undiscovered, technically recoverable, conventional oil and gas resources north of the Arctic Circle. Results of that Circum-Arctic Resource Appraisal (CARA) include aggregate resource estimates for the entire Arctic region (Bird and others, 2008; others, 2009, 2011a) and documentation of the geological framework and resource estimates for specific Arctic provinces Gautier and others, 2011b; Houseknecht and Bird, 2011; Houseknecht and others, 2012a,b; Klett and others, 2011; Moore and others, 2011; Schenk, 2011a,b; Sørensen and others, 2011) . The procedures and methods used in conducting the CircumArctic Resource Appraisal are documented by Charpentier and Gautier (2011) and Charpentier (2017, this volume, chapter B) and the location and extent of the basins evaluated are delimited by others (2010, 2011) . The purpose of this chapter is to provide a synthesis of the petroleum geology of the Jan Mayen Microcontinent Province, to present the reasoning and input parameters used by the CARA assessment for its petroleum assessment, and to report the complete results of the resource assessment for the province.
Jan Mayen Microcontinent Province Description Boundaries
The Jan Mayen Microcontinent Province of the 2008 Circum-Arctic Resource Appraisal (CARA) encompasses a rectangular region of mostly extended continental crust lying north of Iceland in the North Atlantic Ocean ( fig. 1 ). The continental crust in this area is thought to compose a microcontinent (Nunns, 1983 ) that was rifted away from Greenland in the Oligocene and early Miocene and now hosts a petroleum province that is isolated from other petroleum provinces in the Circum-Arctic region. The province is bounded by oceanic crust on its eastern, northern, and western sides and is overlain by mafic volcanic rocks of the Iceland large igneous province (LIP) to the south. Except for Jan Mayen Island at its northern end, the province is submerged and lies at depths of 0 m to 2,500 m.
The boundaries of the Jan Mayen Microcontinent petroleum province were adopted from others (2010, 2011) and correspond to the continent-ocean boundaries of the Jan Mayen Microcontinent on the basis of oceanic magnetic anomaly patterns (Verhoef and others, 1996; Oakey and others, 1999) , bathymetry (Jakobsson and others, 2004) 2 The 2008 Circum-Arctic Resource Appraisal and gravity data (Laxon and McAdoo, 1997) . The eastern and western limits of the province are passive-margin continentocean boundaries whose locations were constrained principally by the extent of oceanic crust as identified by oceanic magnetic anomaly patterns. Although most workers generally agree on the position of these boundaries in the northern part of the microcontinent, there is more disagreement about the locations of the continent-ocean boundaries in its southern part. others (2010, 2011) show a more westward location for the microcontinent than do some other interpretations (for example, Mjelde and others, 2008) . others (2010, 2011) defined the southern limit of the province as the inferred Faroe Fracture Zone along the aseismic Faroe-Iceland Ridge and its western extension beneath covering volcanic rocks along the northeastern margin of Iceland (Kimbell and others, 2005) . Evidence of continental rocks at depth beneath eastern Iceland south of this boundary (Foulger, 2006; Paquett and others, 2006) , however, suggests that the southern limit of the microcontinent could be more complicated beneath Iceland. others (2010, 2011) show the northern boundary of the province as the West Jan Mayen Fracture Zone, a northwesttrending transform fault at the north end of Jan Mayen Island. Some workers have inferred that the microcontinent instead may be terminated at the western projection of the Central or Eastern Jan Mayen Fracture Zones (for example, Mjelde and others, 2008) , transforms that others (2010, 2011) interpreted as dying out at or in the eastern part of the microcontinent ( fig. 1) .
The province comprises a bathymetrically complex region having a north-south length of ~600 km, an east-west width of ~200 km and covering 116,000 km 2 . The northern part of the province is dominated by the 400-km-long, north-trending, flat-topped Jan Mayen Ridge and adjacent 2,000-m-deep Jan Mayen Basin to the west. In its southern part, the Jan Mayen Ridge is obliquely transected by the northeast-trending Jan Mayen Trough. The southern part of the province is composed of several smaller ridges that become less distinct southward toward Iceland (the southern ridge complex of Gudlaugsson and others, 1988) . Much of the southern part of the province lies at depths of 1,000 to 2,000 m and has crust that is thin and difficult to distinguish from oceanic crust on the basis of bathymetry, seismic reflection, and potential field data. (Mjelde and others, 2008) 
Geologic Setting and Origin of the Microcontinent
The Jan Mayen Microcontinent was formed by a complex series of tectonic events during opening of the North Atlantic Ocean in the Paleogene and early Neogene. Although many details of the process that led to its development are still uncertain, the principal events are generally agreed upon (for example, Talwani and Eldholm, 1977; Lundin and Doré, 2002; Scott and others, 2005; Gaina and others, 2009) and are reviewed here ( fig. 2) .
Following an extensive episode of rifting in the Jurassic in the area of the future North Atlantic, breakup and seafloor spreading began in the region between Greenland and Norway at about 57 Ma (Chron 24B, late Paleocene) ( fig. 2A ). The ridge axis for the spreading consisted of three primary ridge segments, from south to north, the Reykjanes, Aegir, and Mohns Ridges, which were separated by transform faults, the East Jan Mayen Land Fracture Zone on the north, and the inferred Iceland-Faroe Fracture Zone on the south. The former formed a left-step between the Aegir and Mohns ridge segments, whereas the latter formed a right-step between the Aegir and Reykjanes spreading ridges. As a consequence of rifting with this configuration, a salient was created in the continental margin of Greenland.
Sometime between 44 Ma (Chron 20) and 20 Ma (Chron 6) ( fig. 2C ), spreading on the Aegir Ridge shifted to a new ridge segment, the Kolbeinsey Ridge, which developed across the salient in the margin of Greenland (Mjelde and others, 2008) . Spreading on the new ridge propagated northward into the salient and, by 20 Ma, rifted it away from the margin of Greenland. The rifted salient of Greenland now comprises the Jan Mayen Microcontinent. Because it was formed as a northward propagation of the Reykjanes Ridge into southeastern Greenland (Lundin and Doré, 2005) , the rifting and spreading of the Kolbeinsey Ridge are thought to have caused the Jan Mayen Microcontinent to rotate counterclockwise. Whether the oceanic spreading at the Aegir Ridge jumped to, migrated to, or coexisted with formation of the Kolbeinsey Ridge is uncertain. The migration of spreading from the Aegir to the Kolbeinsey segments may have involved northward development of a series of transient transform faults (Scott and others, 2005) or an interplay of rotational spreading on the nascent Kolbeinsy and dying Aegir Ridges (Nunns, 1983; Lundin and Doré 2005; Gaina and others, 2009 ). Since 20 Ma, the Aegir Ridge has been extinct and the Kolbeinsey Ridge has been the active ridge segment for oceanic spreading in this part of the North Atlantic. As a result of the spreading, the Jan Mayen Microcontinent is now separated from Greenland by about 250 km of oceanic crust. The complex history of spreading in this area probably was caused by the change in the motion of Greenland relative to Eurasia at about 33 Ma (Chron 13) ( fig. 2B ), which resulted in about 30° counterclockwise change in the direction of spreading. This rotation is reflected in the oblique angle between the trends of the Oligocene and younger West Jan Mayen Fracture Zone and the Paleocene and Eocene East Jan Mayen Fracture Zone (Talwani and Eldholm, 1977) .
In addition to the change of spreading directions, the Iceland large igneous province (LIP) may also have played a key role in the formation of the Jan Mayen Microcontinent. In most models, the LIP is thought to be the manifestation of a hot spot or mantle plume that migrated across Greenland from the west, arriving on the east coast of Greenland at about 35 Ma (Lawver and Müller, 1994) . This timing suggests that the plume may have encouraged the shift in spreading from the Aegir to the Kolbeinsey ridges in the Eocene to early Miocene. In addition, the LIP also is thought to have influenced rifting in the late Thetis Basin 
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Paleocene prior to its arrival in eastern Greenland, as indicated by the voluminous continental flood basalts in southeastern Greenland and correlative thick, passive margin sequences of basalts visible as seaward-dipping reflectors in seismic profiles in the margins of Greenland, Norway, the Rockall Plateau, and eastern Jan Mayen Land (Eldholm and Grue, 1994) . The Iceland LIP itself can be traced bathymetrically via the IcelandDenmark Ridge to Greenland and also across the Aegir Ridge to the Eurasian margin of the North Atlantic via the IcelandFaroe Ridge, indicating a direct tie between the Iceland LIP and the Paleocene magmatism on the continental margins. The Iceland hotspot, however, is thought to have been located in western Greenland at this time. For this reason, the magmatism in the North Atlantic has been considered to be a far-field rather than direct effect of the Iceland plume (Eldholm and Grue, 1994; Gudlaugsson and others, 1988; Lundin and Doré, 2002; Mosar and others, 2002; Mjelde and others, 2008) .
Because the Iceland LIP and other magmatic features of the North Atlantic are thought to be due to a hotspot or plume, some have suggested that a broad zone of lithosphere near the LIP was thinned by additional heating, producing the highly attenuated lithosphere in parts of the southern Jan Mayen Microcontinent (Mosar and others, 2002; Mjelde and others, 2008) . Some workers have concluded that the plume magmatism itself was the trigger for the rifting and seafloor spreading in the North Atlantic in the Paleogene as well as the ridge jump from the Aegir to the Kolbeinsey spreading ridges in the Eocene and Oligocene (Mosar and others, 2002; Mül-ler and others, 2001; Mjelde and others, 2008) . On the other hand, Foulger and others (2005) and Lundin and Doré (2005) concluded that the extensive magmatism in Iceland and the North Atlantic margin was not related to plume magmatism and instead attributed it to normal seafloor spreading processes enhanced by the presence of an unusually fertile mantle. Their 
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5 model would not predict unusually elevated regional geotherms, and instead links the sites of voluminous magmatism to rift zones and spreading centers developed by normal midocean ridge plate tectonic processes.
Province Structure and Stratigraphy
Seismic reflection studies show that the Jan Mayen Microcontinent is an asymmetric continental fragment (Gudlaugsson and others, 1988) (fig. 3 ). Its eastern margin is an east-facing passive margin that developed beginning at ~57 Ma and is the conjugate margin to the Møre and FaroeShetland ( fig. 1 ) basins of the Norwegian continental margin. The western margin is a passive margin developed in the Oligocene and Miocene by the seafloor spreading at the Kolbeinsey Ridge. This margin is the conjugate margin to the eastern Greenland continental margin at Liverpool Land and Blosseville Kyst. Although both sides of the microcontinent are passive margins, the two margins differ significantly in structural and stratigraphic style and have different thermal and mechanical characteristics.
The eastern margin is a structurally intact volcanic-type margin that is marked by a sequence of seaward-dipping reflectors. The sequence is floored by a thick succession of flood basalts and an overlying eastward-prograding sedimentary package that was deposited while the microcontinent was still part of Greenland prior to seafloor spreading on the Kolbeinsey Ridge (Talwani and Eldholm, 1977; Gudlaugsson and others, 1988) . Seismic reflection data indicate that fault blocks of Mesozoic sedimentary rocks may exist beneath the volcanic rocks (Kuvaas and Kodaira, 1997) . Uplift and erosion at the time of the formation of the Kolbeinsey Ridge across the Greenland margin in the late Eocene and early Oligocene produced an unconformity that is overlain by a postrift sedimentary succession of late Oligocene and younger age (Talwani and Eldholm, 1977; Gudlaugsson and others, 1988, Kuvaas and Kodaira, 1997) . The late Oligocene and younger strata are pelagic and hemipelagic strata interpreted to have been deposited after rifting of the Jan Mayen Microcontinent from Greenland (Gudlaugsson and others, 1988) .
The western part of the microcontinent is regionally faulted into west-facing, eastward-rotated half-grabens and extensional fault blocks. The number of fault blocks and the general complexity of the structure increase southward in the microcontinent and the structural relief similarly diminishes in the same direction (Gudlaugsson and others, 1988) . The continental crust is as much as 20 km thick in undeformed parts of the Jan Mayen Ridge, but diminishes in thickness to as little as 8 km along the western margin of the microcontinent (Kodaira and others, 1998) . Areas having extremely thin continental crustal sections or transitional continent-oceanic crust are more widespread in the south, where the microcontinent is the widest and is thought to have undergone higher amounts of extension (Lundin and Doré, 2002) . Although sills and (or) lava flows are recognized in seismic data, extensive packages of volcanic rocks are mostly absent, and this margin is classified as a continental margin of nonvolcanic type (Gudlaugsson and others, 1988) . 
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Information about the stratigraphy of the microcontinent is limited to that obtained from four scientific cores recovered by the Deep Sea Drilling Project (DSDP) on Jan Mayen Ridge (Talwani and others, 1976) and seismic refraction studies (Gudlaugsson and others, 1988, Kuvaas and Kodaira, 1997; Kodaira and others, 1998) . DSDP drill sites 346 and 347 are within 1 nautical mile of each other on the northern part of Jan Mayen Ridge ( fig. 1) . The drilling at these sites revealed Pliocene and Pleisocene terrigenous sandy mud and mud and clay that is underlain by middle Miocene sandy mud and biogenic siliceous oozes characterized by high percentages of sponge spicules. Indurated, massive late Eocene terrigenous sandy mudstone forms the lowermost part of the drilled sections. DSDP drill site 349, on the central part of Jan Mayen Ridge, displays a similar Miocene to Pleistocene section as that at sites 346 and 347. Beneath the Miocene sediments are glauconitic Oligocene muds and sandy muds with volcanic ash in the upper part. The lower part of the drilled section consists of upper Eocene to lower Oligocene mudstone, sandy mudstone, conglomeratic sandstone and breccia that is tilted relative to the overlying Miocene and younger section (Talwani and others, 1976) . DSDP drill site 350, on a basement ridge at the southwestern margin of the Jan Mayen Microcontinent, consists of an upper sedimentary unit of Pleistocene and Pliocene sandy mud, a middle sedimentary unit of middle Miocene and Oligocene locally lithified clay and mud, and a lower sedimentary unit of Oligocene and late Eocene claystone, mudstone, breccia, and pebbly sandstone turbidites in the lower part of the unit (Talwani and others, 1976) . The sedimentary units are underlain by marine volcanic breccias and massive basalt dated at 40-44 Ma at the bottom of the 388 m thick section (Talwani and others, 1976) .
The scientific cores recovered on Jan Mayen Ridge document an unconformity that separates late Eocene and early Oligocene turbidites from overlying late Oligocene and Miocene hemipelagic deposits and Pleistocene glacial marine deposits (Talwani and others, 1976) . The unconformity, marked by a basal conglomerate in the Miocene section at drill site 349, is thought to record rift-related uplift and erosion of the Jan Mayen Microcontinent during breakup at the Kolbeinsey Ridge (Talwani and Eldholm, 1977; Gudlaugsson and others, 1988, Kuvaas and Kodaira, 1997) . The section at DSDP drill site 350, on the other hand, reflects deposition of coarse-grained turbidites on basalt that are replaced upward by by hemipelagic mudstone, biogenic calcareous and siliceous oozes, and finally by glacial-marine sediments indicative of deposition in a widening oceanic basin on transitional continental crust or oceanic seafloor (Nilsen and Kerr, 1978) . Regionally extensive basalts and (or) sills in Miocene deposits appear to cover wide areas of the western part of the microcontinent and diminish the quality of seismic data over much of this part of the province (Gudlaugsson and others, 1988) .
The refraction studies in the northern part of the province suggest that Mesozoic and Paleozoic sedimentary deposits may be present beneath covering Cenozoic sediments (Kuvaas and Kodaira, 1997; Kodaira and others, 1998). The Mesozoic deposits are inferred to consist of strata deposited in extensional basins such as those in the Jurassic and Cretaceous Vøring and Møre Basins that developed prior to continental breakup in the North Atlantic (Mjelde and others, 2008; Nøt-tvedt and others, 2008) . Devonian to lower Permian posttectonic platform strata deposited following the end of the Caledonian orogeny and Permian and Triassic rift basin deposits may also be present (Kuvaas and Kodaira, 1997) . These sequences form a series of elongated, north-south-trending, fault-bounded basins in eastern Greenland, along the continental margin of Norway, and in the North Sea. These basins originated during the Devonian as a result of extension and rifting between Greenland and Norway following the Silurian and Devonian Caledonian deformational event (Doré, 1991; Stemmerik, 2000, Nøttvedt and others, 2008) and renewed episodic rifting in the late Permian and the Mesozoic by extensional processes that eventually led to opening of the North Atlantic Ocean in the Paleocene (Coward and others, 2003) .
The structural and stratigraphic architecture of the Jan Mayen Microcontinent is similar to that of the northeastern margin of Greenland as described by Hamann and others (2005) . The Thetis Basin, which lies along the continentocean boundary of northeastern Greenland, was formed during continental breakup in the late Paleocene. Although it lacks a seaward-dipping sequence of volcanic rocks, the basin lies in a conjugate structural position to the east-facing rift margin of the Jan Mayen Microcontinent. To the west and inboard of an uplifted ridge of basement rocks bounding the western margin of Thetis Basin, the Dansmarkshavn Basin is a rift basin filled with Devonian to Cretaceous strata. These rocks plunge southward beneath early Paleogene flood basalts toward Liverpool Land. The northern part of the Jan Mayen Microcontinent was located near Liverpool Land prior to its being rifted away from the continental margin in the Oligocene and Miocene (Hamann and others, 2005;  fig. 3 ). If Dansmarkshavn Basin also once extended farther south beneath covering basalts, its southern part might have been rifted away as part of the Jan Mayen Microcontinent and could be represented by the Upper Paleozoic and Mesosoic rocks identified in the refraction seismic data. Alternatively, if Dansmarkshavn Basin did not extend southward to the area that was rifted away to form the Jan Mayen Microcontinent, it is possible that another basin of similar architecture may have been present in this area. Jameson Land Basin, a basin similar to Dansmarkshavn Basin that lies east of Liverpool Land, shows that other large faultbounded basins were once present along the margin of this part of eastern Greenland (Hamann and others, 2005) .
The youngest rocks in the Jan Mayen Microcontinent are the LIP volcanic deposits found on Jan Mayen Island adjacent to the West Jan Mayen Fracture Zone at the north end of the continent. These volcanic rocks have been interpreted to comprise a local volcanic field erupted along a "leaky" fracture zone (Lundin and Doré, 2005) or alternatively, a local volcanic edifice built by magmatism derived from the Iceland plume (Mjelde and others, 2008) . Because isotopic data from basalts from Jan Mayen Island show little or no interaction with continental rocks, some workers have concluded that Jan Mayen Ridge north of the Central and (or) East Jan Mayen Fracture Zones comprises an oceanic plateau that lacks any underlying continental crust (Scott and others, 2005; Mjelde and others, 2008; Gaina and others, 2009 ). The volcanic rocks instead are regarded here as being underlain by continental crust or continental crust heavily intruded by LIP magmatic rocks (Lundin and Doré, 2005) because the volcanic edifice appears to lie on the northward continuation of Jan Mayen Ridge, as expressed by bathymetry and potential field data.
Although deformation in the Jan Mayen Microcontinent is predominantly extensional, inversion and contractional structures have been reported locally (Gulaudsson and others, 1988) . Low-displacement contractional deformation and tectonic inversion of mid-Cenozoic age have been recognized on the Norwegian and Greenland margins, locally forming traps for hydrocarbons (Lundin and Doré, 2002) . The contractional structures have been ascribed to a variety of causes, including far-field affects of the Alpine deformational belt, changes in spreading rates, and the hypothesized Iceland plume (Lundin and Doré, 2002; Tuitt and others, 2010) .
Petroleum Systems
No petroleum systems have been identified in the province. Possible indications of gas, including amplitude anomalies and pockmarks, have been noted on a seismic section in the southern part of the microcontinent (Iceland GeoSurvey, 2008) , but there are few other reports of hydrocarbon indicators in the literature for this region.
Although active petroleum systems have not been identified, the regional setting of the province in the North Atlantic region provides reason to believe that one may exist. Prior to opening of the North Atlantic, the Jan Mayen Land Microcontinent was located adjacent to the geological units of the northern North Sea and likely shares many of the same Paleozoic and Mesozoic stratigraphic and structural characteristics of the North Sea oil fields, including source rocks, reservoirs, and traps.
The principal source rock unit for the North Atlantic region is the world-class Upper Jurassic Kimmeridge Clay Formation and equivalent units (for example, the Spekk Formation in Norway, Hareelv and Bernbjerg Formations in East Greenland) (Thomas and others, 1985; Errat and others, 2010) . The Kimmeridge Clay was deposited in rift grabens having restricted circulation during a sea-level high stand, which produced locally thick units of shale formed under anoxic conditions (Fraser and others, 2003) . In the North Sea, the Kimmeridge Clay yields total organic carbon (TOC) values that average about 6 percent and locally are in excess of 10 percent and have hydrogen indicies ranging typically from 100-400 mg/g TOC (Kubala and others, 2003) . In Norway, the correlative Spekk Formation is oil-prone, with average TOC values between 6 and 8 percent and hydrogen indices (HI) commonly greater than 350 mg/g TOC (Barnard and Bastow, 1991) . In East Greenland, the correlative Hareelv and Bernbjerg Formations have TOC values of 2 to 13 percent with HI of 100 to 250 mg/g TOC, although HI values from the Bernbjerg Formation are mostly below 100 mg/g TOC, indicating a gas-prone source (Christiansen and others, 1992) . These deposits tend to have higher TOC and HI values in the deeper parts of the structural troughs and lower values in more proximal areas, but may form richer deposits in the medial region between East Greenland and Norway (Christiansen and others, 1992, fig. 3d ). The organic-rich rocks of the Kimmeridge Clay and related units are recognized in seismic data across wide regions of the Norwegian margin and are the sole volumetrically significant source rock unit present in that area (Swiecicki and others, 1998) . Although highly productive in uplifted parts of that margin, the source rocks are commonly deeply buried and are overmature in the outer parts of that margin (Swiecicki and others, 1998) . Where known from outcrops in Jameson Land in East Greenland, these strata preserve indications of having been heated to oil-window temperatures (Hansen and others, 2001) . Oil seeps in East Greenland confirm that a petroleum system generated from an Upper Jurassic source rock similar to those known from Norway is present (Requejo and others, 1989) . Hydrocarbon generation began in the Late Cretaceous or early Paleocene and continued throughout the Cenozoic in the North Sea due to continued burial (Baird, 1986) . In East Greenland, however, fission-track data show that the time of maximum burial occurred at 55 to 20 Ma, following eruption of voluminous rift-related volcanic rocks in the Paleocene. Subsequent cooling and erosion was related to uplift caused by the onset of rifting on the Kolbeinsey Ridge.
Other organic, carbon-rich rock units that could have sourced oil and gas in the province include the upper Permian, Lower Jurassic, Cretaceous, and Paleocene strata. The upper Permian strata contain a net source rock thickness of 15 to 20 m and are widespread throughout East and Northeast Greenland (Christiansen and others, 1992) . These strata were deposited in restricted marine basins fringed by carbonate deposits and contain an average of about 4 percent TOC. The Lower Jurassic organic units are also thin (10 to 15 m) and have an average TOC of 6 percent. These shales are less extensive and were formed in a freshwater lake that once covered much of Jameson Land in East Greenland (Christiansen and others, 1993). The presence of source-rock-quality units in Cretaceous and Paleocene strata, on the other hand, has not been proven. Shale-dominated successions in thick marine units are widespread in these strata, suggesting that organic-rich source rock units eventually could be discovered (Swiecicki and others, 1998) .
Considering that the Upper Jurassic source rock units of Norway and Greenland were contiguous prior to formation of the Atlantic Ocean in the Paleogene and contained parts of a once extensive region of transgressive, anoxic Late Jurassic rift-basin shale, it seems likely that similar deposits can be expected to be present in the Jan Mayen Microcontinent Province. In the North Sea, reservoir facies were deposited 8 The 2008 Circum-Arctic Resource Appraisal as a consequence of a broad continental to marine transition in the Triassic to Late Jurassic and include Middle Jurassic shallow marine to deep-marine sandstones deposited with synrift fanning geometries (Fraser and others, 2003, Erratt and others, 2010) . Clastic deposits shed from the margins of the basin are also interstratified with the source rocks that overlie the continental succession in Jameson Land (Christiansen and others, 1992) and may form stratigraphic traps in the province. The major trap types in the province, however, are expected to be primarily structural, stratigraphic, and combination traps in the footwalls and hanging walls of rotated half-grabens and tilted fault blocks of Middle Jurassic and older strata formed during rifting at the end of the Jurassic after deposition of the source rocks (Fraser and others, 2003) . Following tilting, thick successions of mudstone were deposited across remnant rift topography as a consequence of passive subsidence and rapid sedimentary infill in the Early Cretaceous and form sealing geometries (Erratt and others, 2010) . Sparse, deep-marine sandstone intervals encased in the mudstone potentially also have reservoir quality and trapping geometry for sedimentary traps as in the North Sea (Copestake and others, 2003) .
Burial History
A full understanding of the petroleum potential of a region can be reached only if its thermal and burial history is known. In the absence of any well data and only a limited seismic database that would provide information about its stratigraphy and thermal history, such insight is difficult to attain for Jan Mayen Microcontinent. In an effort to place constraints on the burial history of the microcontinent, we have used the available information to construct a one-dimensional model for pseudowell JMM on the west flank of Jan Mayen Ridge (figs. 1 and 4). This location was selected because of the availability of seismic data, the presence of relatively thick and structurally intact crust, and the interpretation that Paleozoic-Mesozoic strata may be present (Kodaira and others, 1998) (fig. 3) .
On the basis of their seismic refraction data, Kodaira and others (1998) proposed that the crustal section at the pseudowell is 12 km thick and consists of about 1.5 km of Cenozoic sediments, 1.5 km of Mesozoic sediments, 2.2 km of Paleozoic sediments, and 7 km of continental crust that likely consists of deformed metamorphic and igneous rocks formed during the Caledonian orogeny. Using this crustal section and by comparison principally with the stratigraphy of East Greenland (Stemmerik and others, 1992; Christiansen and others, 1993; Larsen and others, 1999; others, 1995, 2000; Henriksen and others, 2000) and with reference to the stratigraphy of the North Sea and Norwegian margin (Swiecicki and others, 1998) , we propose a speculative stratigraphic section for this part of the Jan Mayen Microcontinent (table 1) . Seawarddipping reflectors interpreted as Paleogene flood basalts related to the Iceland plume are present on the eastern flank of the Jan Mayen Microcontinent (Myhre and others, 1984; Gudlaugsson and others, 1988 ) and a thick pile of basalts thought to be their updip equivalents prior to rifting of the Jan Mayen Microcontient away from the Greenland continental margin is present in eastern Greenland (Mathiesen and others, 2000) . Seismic data, however, indicate that such basalts are absent in the area of the pseudowell, which suggests that the volcanic succession was removed by erosion, possibly during rifting associated with formation of the Kolbeinsey Ridge in the Eocene (fig. 3) . A total of 2 to 4 km of erosion occurred following maximum burial at about 35 Ma in the area of Jameson Land and Liverpool Land (Mathiesen and others, 2000; Hansen and others, 2001 ).
For our burial history model ( fig. 4) , we have assumed a constant heat flow of 60 milliwatts per square meter (mW/m 2 ) for the time period of 300 to 55 Ma, reflecting a continental interior depositional environment that was influenced by sporadic rifting and extensional deformation. During the interval 55 to 20 Ma, we hypothesized increased heat flow at 80 mW/m fig. 1 for location) . See table 1 for stratigraphic model used to construct the diagram. Thermal history modeled using publicly available software (Integrated Exploration Systems, 2008) . Source rock strata shown as shaded intervals in burial history model, with dark shading indicating Upper Jurassic source rocks. Model suggests that Upper Jurassic source rocks entered oil window at time of maximum burial beneath Paleocene-Eocene basalt but experienced more than 2 kilometers of denudation later in the Paleogene. Ma, millions of years before present; Ng., Neogene; Pg., Paleogene; Ro, vitrinite reflectance, in percent (%).
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The 2008 Circum-Arctic Resource Appraisal because of onset of seafloor spreading in the North Atlantic and the extensive magmatism related to the Iceland LIP. After 20 Ma, we have assumed a monotonic decline back to 60 mW/m 2 in the Holocene to reflect the passive tectonic environment of the microcontinent following the rifting and onset of spreading on the Kolbeinsey Ridge. This heat flow history is similar to that used for modeling hydrocarbon generation in East Greenland by Mathiesen and others (2000) , although in comparison we have used (1) a value closer to world averages for the heat flow of continental interiors (Allen and Allen, 2005) for the time before 55 Ma and (2) a more protracted period of high heat flow in the Paleocene to capture the combined thermal effects of LIP magmatism and rifting related to both the Aegir and Kolbeinsey Ridges.
The resulting model suggests that maturation of the source-rock section increased slowly in parallel with deposition in the early Mesozoic and at a somewhat faster rate in the Cretaceous as the rate of deposition increased due to rifting in advance of seafloor spreading in the Paleocene. Source rocks that may be present in Paleozoic strata would have entered the oil window but Triassic and Jurassic source rocks remained immature at this time. The model suggests that the latter strata would not have entered the oil window until the time of maximum burial of the section in the late Paleocene or early Eocene following deposition of an estimated thickness of 1 km of basalt and the change to a higher heat flow. Maturation during this time would have produced oil in the Upper Jurassic source rock strata, gas in Permian and Lower Jurassic source rock strata, and any Carboniferous source rock strata would be overmature. Later in the Eocene, however, the uplift and erosion related to rifting in advance of the separation of the Jan Mayen Microcontinent from Greenland resulted in a deep level of erosion that removed all of the Paleogene volcanic rocks and much of the underlying Cretaceous section. Presumably, any petroleum accumulations generated at the time of maximum burial would have undergone significant amounts of gas expansion by the end of the Eocene as a result of the rift-related uplift and erosion. Subsequent deposition has acted simply to rebury the source rock strata without restarting petroleum generation in any of the strata.
Assessment Unit
Assessment units (AUs) used for the CARA study closely follow the structural elements present in the constituent provinces because the structural architecture controls the location, extent, and configuration of the sedimentary basins that may be prospective for hydrocarbons others, 2010, 2011) . The thickness, stratigraphy, facies, burial history, and structural evolution of the basins affect the size, number, and timing of formation of potential petroleum traps and petroleum generation and migration in the province. Because the Jan Mayen Microcontinent Province displays a shared stratigraphic framework and history of multiple rifting events throughout it extent, the entire province is assigned to a single assessment unit, the Jan Mayen Microcontinent AU.
Jan Mayen Microcontinent AU
The Jan Mayen Microcontinent AU (USGS assessment code 52010101) contains no petroleum exploration wells and very sparse seismic data. This level of exploration places this AU into uncertainty category 4 on the scale used by the USGS for the Circum-Arctic Resource Appraisal .
AU Description
The Jan Mayen Microcontinent AU is an area of approximately 116,000 km 2 . The AU is mostly submarine, with water depths typically ranging from 300 m on Jan Mayen Ridge to greater than 2,000 m in Jan Mayen Basin and in the ocean basin along the eastern margin of the AU. Jan Mayen Island in the northernmost part of Jan Mayen Ridge is a ~350 km 2 volcanic edifice formed on the ridge in the Pleistocene and Holocene by basaltic volcanic rocks, and is the only part of the AU that lies above sea level. The AU is flanked on the north, east, and west by ocean crust of the North Atlantic Ocean and by the basaltic volcanic rocks of Iceland to the south. The AU consists of several ridges and basins formed by extensional processes, the largest of which is the high-standing, northsouth trending Jan Mayen Ridge. This ridge diminishes in elevation southward and is replaced by several smaller ridges of lower relief. The ridges and intervening basins are thought to consist of a continental crustal section similar to that of northeastern Greenland. The crustal section was strongly extended by subsequent basin-and-range processes in the Paleogene and early Neogene, with some basins having crustal thicknesses reduced to near those of oceanic crust. Post-extensional (Neogene) sediments mantle the ridges and basins and include volcanic rocks and (or) volcanic sills across wide areas of the AU.
Geological Model for Assessment
The geologic model for assessment of the Jan Mayen Microcontinent AU is based on the hypothesis that it shares a stratigraphy and structural setting with the prolific petroleum provinces of Norway and the North Sea and highly prospective basins in eastern Greenland (Hamann and others, 2005) , North Sea (Erratt and others, 2010) , and seismic data (Kodaira and others, 1998) . Source rocks column at far left shows the percent of the world's total petroleum reserves generated by source (modified from Ulmishek and Klemme, 1990) . Average global temperature data is from Frakes and others (1992) and Barrett (2003) . Sea level curve is from Golonka and Kiessling (2002) and Hardenbol and others (1998) . Geologic time scale is that of Gradstein and others (2004) .
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Geological Analysis of Assessment Unit Probability
The probability that the Jan Mayen Microcontinent AU contains at least one undiscovered accumulation of hydrocarbons equal to or greater than the minimum accumulation size of 50 million barrels of oil equivalent (MMBOE) was determined from its geologic and petroleum system characteristics as reviewed below.
Charge.-Although there is little direct evidence of an active petroleum system, there is a high probability that source rocks similar to the Upper Jurassic Kimmeridge Clay Formation are present in the AU. Correlatives of the Kimmeridge Clay are present on both the Norway continental margin (Spekk Formation) and in East Greenland (Hareelv and Bernbjerg Formations). Because the Jan Mayen Microcontinent originated in close proximity to Norway, the North Sea, and Greenland prior to Mesozoic rifting in the North Atlantic region, the same depositional environments that produced those source rocks should have been present in the AU. In addition, upper Permian (Ravnefjeld Formation) and Lower Jurassic (Kap Stewart Formation) source rocks are known to be present in East Greenland (Christiansen and others, 1992; Mathiesen and others, 1995) and may also have been deposited in the AU. Burial history modeling shows that at the time of maximum burial, the Upper Jurassic shales were buried to depths required to cause petroleum generation, although such burial may have caused upper Permian and the Lower and Middle Jurassic source rocks, if present, to become overmature. Uncertainty about the presence of source rock facies (particularly beneath the seaward-dipping reflectors along the eastern margin of the AU), the generative potential of the source rocks (gas-prone marginal marine or oil-prone basinal deposits), and the extent and distribution of the source rocks in view of their deposition in isolated graben systems (for example, Zanella and Coward, 2003) , resulted in a probability value of 0.4 being assigned to charge in the AU. The various hypothetical petroleum systems in the Jan Mayen Microcontinent AU are classified together as the Jan Mayen PaleozoicMesozoic composite total petroleum system (appendix 1).
Rocks.-Lower and Middle Jurassic sandstones, which form the largest and most important reservoirs in northwest Europe and have been demonstrated to form reservoirs in East Greenland (Price and Whitham, 1997) , are postulated to comprise the most important reservoirs in the AU. The reservoirs are likely to be mostly wedge-shaped bodies of shallow marine and fluvial-deltaic deposits, based on analogy to the reservoirs demonstrated in other areas (for example, Husmo and others, 2003) . Reservoirs facies may also be present in the Upper Jurassic source rocks themselves (for example, Fraser and others, 2003) . The Hareelv Formation in Jameson Land Basin in East Greenland, for example, contains thin to thick, elongate sandstone bodies deposited by sedimentgravity flows that were derived from the basin margins and have excellent reservoir qualities (Requejo and others, 1989) . Reservoir lithologies may also include Triassic sandstones and progradational Paleogene sandstones. Tilted fault-block trapping geometries beneath the regional unconformity at the base of the Cretaceous section are the primary trapping configuration for Jurassic reservoirs in the North Sea, the Norwegian margin, and in East Greenland (Swiecicki and others, 1998; Price and Whitham, 1997; Fraser and others, 2003; Erratt and others, 2010) and are proposed to be the principal trap style in this AU. Albian to Cenomanian shale units unconformably overlap the tilted fault blocks and are likely to provide sealing configurations. Other possible trapping configurations include unconformity/fault traps associated with Cretaceous, and (or) Paleogene extension, Cenozoic inversion anticlines along the western margin of the AU, and channelized sandstones forming stratigraphic traps in fans and progradational sequences of the Cretaceous and Paleogene basinal sequences of the province. A favorable probability of 0.7 was assigned for adequacy of reservoirs, traps and seals in this AU. The probability was diminished only because of questions about the stratigraphic architecture of the province and whether the Jurassic section could be partly or completely missing beneath the Cretaceous unconformity as has been observed in the North Sea and East Greenland (for example, Price and Whitham, 1997; Fraser and others, 2003) .
Timing and Preservation.-Although the burial history modeling is favorable for the generation of hydrocarbons in the AU, the preservation of oil generated from pre-Cenozoic source rocks is highly unfavorable because of subsequent extensional tectonism and magmatic events. The AU has been in close proximity to two sites of continental breakup: one in the Paleocene and Eocene along the eastern margin of the microcontinent, and one in the Oligocene and Miocene along its western margin. In East Greenland, the breakup events were accompanied by more than 2 km of denudation (Hansen and others, 2001; others, 1995, 2000; Price and Whitham, 1997 ) and a similar amount can be hypothesized for the Jan Mayen Microcontinent. Consequent cooling, gas expansion, and oil displacement of any petroleum that may have accumulated likely would have occurred under such conditions. Subsequent extensional deformation related to seafloor spreading probably produced significant amounts of structural thinning, particularly in basins and in the southern part of the AU. Therefore, the areas of greatest prospectivity are probably limited to the ridges of the AU because those areas are the most likely to contain largely intact stratigraphic successions. The pre-Cenozoic stratigraphic sections of basins, in contrast, are likely to be highly faulted domains such that any hydrocarbons once present probably escaped during faulting.
In addition to the structural complications, the AU was affected by magmatic events that accompanied the two periods of continental breakup. In East Greenland, the PaleoceneEocene event resulted in the accumulation of thick sequences of basaltic volcanic rocks, dikes, and sills, whereas the Oligocene-Miocene event is represented by local syenite intrusions, dikes and sills, and broad hydrothermal zones. Hansen and others (2001) concluded that dikes and sills had only minor, local effects on the regional thermal evolution, whereas Price and Whitham (1997) concluded that Eocene and Oligocene magmatism resulted in a significant spike in heat flow and regional thermal degradation of hydrocarbons in the same rocks. Late Cenozoic magmatism in the Iceland LIP to the south and basaltic volcanism at Jan Mayen Island to the north lend additional uncertainties that complicate a full understanding of the thermal history of the AU.
Considering that the Jan Mayen Microcontinent is a small sliver of continental crust trapped between two Cenozoic oceanic basins and the other considerations discussed above, a probability of 0.2 was assigned as a measure of the adequacy of timing and preservation of one or more fields greater than the minimum size within this AU.
Overall Geologic Probability.-The geologic probability of the presence of an accumulation of minimum size in the Jan Mayen Microcontinent AU is the product of the three geologic probabilities discussed above, which results in an overall probability of 0.056 (appendix 1). This level of probability suggests that there is a 5.6 percent chance for the proper conditions to form at least one oil or gas accumulation of minimum size (50 MMBOE recoverable) in this AU. This level of probability, determined from the geology of the AU, was compared to the probabilities of other AUs in the Arctic region to ensure consistency in the assessments of the CARA project. This level of AU probability falls in the lowest 15 percent of all of the AUs evaluated in the CARA project. Because the 5.6 percent probability for the presence of at least one accumulation of the minimum size in the province is below the 10 percent threshold established for CARA assessments, this AU was not quantitatively assessed. Accordingly, estimations of the sizes and numbers of undiscovered accumulations, the petroleum composition, and other properties was not undertaken for the Jan Mayen Microcontinent.
Conclusions
The Jan Mayen Microcontinent is an isolated, mostly submarine, fragment of continental crust north of Iceland that was rifted away from the eastern margin of Greenland during formation of the North Atlantic Ocean in the Oligocene and Miocene. Although poorly known, its prerift stratigraphy and structural geology is thought to be similar to those of the highly prospective Norwegian, North Sea, and Greenland continental margins. The prospectivity of the Microcontinent is likely diminished, however, by Neogene extensional deformation, basaltic magmatism, and exhumation. Evaluation of the Jan Mayen Microcontinent AU by the CARA assessment team resulted in an overall probability of 5.6 percent for an accumulation of minimum size (50 MMBOE recoverable). This level of probability is in the lowest 15 percent of all of the AUs evaluated in the Arctic and is less than the 10 percent minimum necessary for a full quantitative assessment of the AU.
